Abstract It is a long sought desire to modernize stabilization pond systems by increasing their efficiency to control malodors, to save land requirements and to improve their effluent quality, particularly for reuse purposes, while still capitalizing on natural energy saving processes such as anaerobiosis and photosynthesis. A full-scale demonstration modern integrated pond system was constructed in the town of Arad (22,000 inhabitants) located in the Negev desert of Israel. The integrated pond system is composed of the following units: (1) anaerobic covered ponds of which one is of the "submerged tent" novel design, including biogas collection and utilization for heating the bottom sludge; (2) two facultative ponds with internal recirculation; (3) a two stage rock filter to biologically remove excess algal biomass from the effluent; (4) three storage reservoirs operating in a sequential array of "fill, stay, draw", and (5) a seasonal reservoir. The final effluent is aimed at irrigation of various agricultural crops.
Introduction
Ponds systems, classically composed of earth anaerobic basins followed by facultative stabilization ponds and maturation (polishing) ponds in series have provided in the 20th century a basic low-cost wastewater treatment world-wide, while constituting a major benefit to health and environment in most developing countries and many developed countries. Invaluable experience and data have been gathered and published on such pond systems in Australia, New Zealand, South Africa, USA, Israel, North Africa, Spain, Portugal, Brazil, Thailand and other countries, some more than a half a century ago (Shelef, 1991; Mara and Pearson, 1998) .
If land availability and climatic conditions permit, no other system can provide basic wastewater treatment with such savings in investment, operation, maintenance and energy costs as stabilization ponds. The climatic and geographical conditions most adequate for stabilization ponds, i.e. ample sunshine, warm temperatures and ample land availability, are similar in regions where wastewater reuse for irrigation is practiced, particularly in arid and semi-arid zones.
In this paper, the reuse of the final effluent is taken into account, as it is commonly practiced in Israel and in many Mediterranean countries.
As environmental and reuse requirements become more stringent, the "classical" pond system seems inadequate in many instances, particularly with regard to odour control, effluent quality (particularly algal suspended matter), consistency of performance and microbiological quality (as indicated by fecal coliform counts, for example). In addition, land requirements, particularly for stabilization and maturation ponds become prohibitive, particularly when large communities are to be served by ponds.
These drawbacks have caused many communities to switch to expensive, energy and operation intensive treatment methods, such as activated sludge systems, even when the climatic conditions and the general availability of land were quite favorable for pond systems. In many cases, such a "switch" proved disastrous to those communities that found themselves not able to afford the high energy, maintenance and operational costs of mechanical-biological wastewater systems such as activated sludge.
A new integrated pond system has been proposed to overcome the above inadequacies of the "classical" pond system, while still fully capitalizing on anaerobiosis and photosynthesis as the two nature-given processes for wastewater treatment in warm climate regions of the world.
Technological background
Simple stabilization ponds used in many parts of the world provide a basic solution to environmental and sanitation problems at low cost (both in capital investment and in operation and maintenance) and are simple to operate. They suffer, however, from the following drawbacks. 1. Their performance considerably varies with changes in climatic conditions and the quality of their effluent does not consistently meet stringent effluent quality requirements for discharge into receiving bodies of water or reuse. 2. They are sensitive to overloading. 3. Occasionally, particularly when overloaded or due to a change in climatic conditions, they produce malodors. 4. They require extensive land area, which is sometimes hard to find, when the community is growing. 5. The reuse of their effluent by irrigation is usually limited to very low income crops such as cereals, cotton, dry-fodder, etc. Switching to mechanical-biological systems, such as activated sludge systems, which can produce high-quality effluents, is not practical for small and medium size communities because of high capital investment cost and, even more so, because of high operational costs (particularly energy and sludge handling) as well as the complexity of operation and maintenance requiring highly skilled and costly man-power, spare-part replacement, etc.
On too many occasions, small and medium size communities that have constructed mechanical-biological treatment plants, (even after the construction and equipment costs were granted to them by the Government or by International Development Organizations) have had to neglect (and bypass) these plants, due to the high cost of energy, spare parts and the need for highly trained expensive man-power.
The Israeli technology, proposed for this collaborative demonstration, is based on the following chain of units (to be described in more detail later in this paper).
• Anaerobic Ponds (usually two in parallel) with "submerged tent" cover (which serves also for biogas collection and utilization).
• Intensive stabilization ponds (two in series) with internal recirculation.
• Rock filter for excess algae biological removal.
• Stabilization reservoirs (three in parallel, working sequentially) for seasonal storage for irrigation reuse. This layout is usually followed by a seasonal large reservoir which stores the year-round effluent flow for the summer irrigation period, usually extending for three to five months. This technology has the following advantages. 1. Reduced land requirements as compared to facultative stabilization ponds. 2. Maximizing capitalization on natural processes and resources such as solar energy, biogas energy, anaerobic process and biological removal of algae (herbivorous). 3. Absence of any malodors. 4. Consistency and reliability of performance under changing climatic conditions and overloading. 5. Consistently high quality of the final effluent which its various reuse requirements.
6. Lower cost (capital investment, operation and maintenance) when compared to mechanical-biological systems. 7. Simplicity of operation.
Effluent quality for unrestricted irrigation
For more than twenty years, since 1978, Israel has practiced the effluent quality requirements for agricultural irrigation specifying four groups of agricultural crops, where group D contains vegetables eaten uncooked, golf courses, public parks, etc. (Shelef, 1991) .
As full sand or multimedia filtration is an economic burden on farms, and as seasonal storage of effluent is almost mandatory because of operational reasons, new proposed quality requirements are now being considered for unrestricted agricultural irrigation (Halperin et al., 1999) . The principles of these proposed requirements are as follows. 1. "Basic effluent" quality prior to post treatment for reuse: 20 mg/l BOD 5 in at least 75% of the monthly samples and 30 mg/l suspended solids in at least 80% of the samples. A special consideration will be given to stabilization pond effluent. 2. Providing at least two "physical barriers" between the "basic effluent" and the irrigated crops or produce in order to "sever the human connection" (i.e. risk of human pathogens). The physical barriers are as follows:
• adequate filtration by sand filters or equivalent;
• storage of the effluent in a reservoir with average retention time of at least 60 days prior to irrigation; • eliminating the discharge of "fresh" effluent into a reservoir for at least 30 days before emptying it; • minimizing physical contact between produce and effluent such as by well designed and maintained drip or underground irrigation of crops (excluding root and stem crops), as well as by additional means. 3. Providing proper disinfection, preferably at two separate points (usually prior and following the seasonal storage). 4. Fecal coliform count at any one point prior to irrigation, not to surpass 250 per 100 ml.
It should be noted that the emphasis on long retention time as a "physical barrier" for reduction of the risk of human pathogens is an advantage of pond systems.
The Arad full-scale demonstration plant A full-scale demonstration plant was constructed in 1998 in the town of Arad. It includes all the integrated pond system chain of units. The plant became operational in January 1999 with the following objectives. 1. To construct and operate a small full-scale plant with Israeli technology in a community of between 5,000 and 15,000 inhabitants, adjacent to an agricultural area. The plant will serve as a demonstration, field research and training centre for communities of between 5,000 and 50,000 inhabitants in semi-arid and arid areas in Israel and all over the world. 2. To demonstrate the technologies of seasonal storage and reuse by various techniques of irrigation, while monitoring indicator microorganisms in soil, plant and produce, as well as agrotechnical quality parameters (salinity, SAR, heavy metals, etc). 3. To continuously improve the technology to adapt it to local conditions. 4. To conduct cost-benefit analysis under the local conditions. 5. To monitor and evaluate the various process parameters, systems performance and efficiency under local conditions. 6. To demonstrate the system for use in other communities in the neighboring areas, and to train professional and technical personnel in both the treatment and irrigation practices. 7. To conduct continuous field research to enhance the system performance and capability.
Detailed description of the Arad system
The town of Arad is located near "Tel Arad", the site of the ancient biblical city of Arad (circa 1500 B.C., Numbers 21:1), in the eastern part of the Negev Desert, near the rim of the Dead Sea depression. The climatic conditions of this area are given in Table 1 , reflecting typical desert or semi-desert climatic conditions. The town has a population of 22,000. The sewage of the town is mainly domestic with some industrial wastes. The sewage flow is approximately 3,500 m 3 /day. The average BOD is 450 mg/l.
The major units of the integrated pond system are described below (see Figure 1 ).
Anaerobic ponds
The first stage of the system includes three anaerobic ponds operating in parallel. Anaerobic ponds are very common and popular in wastewater treatment all over the world (Metcalf and Eddy, 1991) . The main advantage of anaerobic ponds is a relatively efficient removal of organic matter in short retention time. Anaerobic ponds will remove between 40% to 55% of total BOD (Biochemical Oxygen Demand) and between 50% and 65% of TSS (Total Suspended Solids) in 2-3 days retention time. However, open anaerobic ponds are usually unaesthetic, having a repulsive black colour with pieces of floating crust with insects breeding on it, and sometimes, malodors may also occur. The common way to solve these problems is to cover the anaerobic ponds with plastic sheets. We improved the usual cover method by using a cover of a "submerged tent", which is a further improvement of the submerged gas collector proposed by Green et al. (1995) , and the Bronson gas collector (Oswald et al., 1963) . The tent serves for both cover and biogas storage. The biogas (mainly methane) produced by the anaerobic methanogenic processes, will be used as fuel for a water heat exchanger that in turn will heat the accumulated sludge at the bottom of the pond and increase the efficiency of the pond. The tent is completely submerged in the water so it has better protection against wind and solar radiation (UV) and will last longer than conventional floating plastic sheet covers. It is also planned to recirculate "green" water from the facultative pond in order to have an oxygenated area above the tent and prevent this part from being anaerobic and unaesthetic. The second anaerobic pond is covered with a standard floating plastic sheet, while the third pond is a regular, non-covered anaerobic pond is covered with a standard floating plastic sheet, while the third pond is a regular, non-covered anaerobic pond. Enough volume is provided in the anaerobic pond bottom for sludge accumulation, decomposition and finally virtual mineralization. The problem of expensive sludge handling is therefore vastly reduced if not eliminated altogether. The usual layout of stabilization ponds is having a few ponds in series in order to improve effluent quality after each stage until the desired water quality is achieved (Racault et al., 1995) . The system has many disadvantages in terms of efficiency. This requires a relatively large area to include all the necessary ponds until the desired effluent quality is achieved (Pearson et al., 1995) . The first pond is usually the most problematic one as it receives the effluents from the anaerobic ponds and may be highly loaded. In such cases, the facultative pond, which is designed to be at least partly aerobic,turns into almost completely anaerobic with the concomitant black colour and malodors. In order to avoid such phenomena and increase pond efficiency to a great extent, a recirculation of effluents from the second pond to the first one (at a ratio of between 1.0-2.5) was applied. The second pond, that receives much less organic load, is always facultative with a relatively deep aerobic layer, due to the high concentrations of green algae in the pond. The "green" water recirculated from the second pond to the first one, increases oxygen levels in he first pond, increases its algal population, prevents the possibility of oxygen deficiency and thus increases pond efficiency. It is possible therefore, to increase the organic load on the first pond up to twice and more, as compared to the regular scheme of stabilization ponds in series (Shelef and Kanarek, 1995) . Such ponds behave much more consistently than regular ponds under changing conditions of weather and overloading. The recirculation ratios can be changed according to the pond capacity to absorb organic loading (a function of solar radiation, temperature, time of day, etc.).
Rock filters
A very common problem in using stabilization ponds as a means of wastewater treatment is the presence of algae in the final effluent. The algae have a major role in the proper operation of the ponds as the main source of oxygen supply, but are burdening the effluent with organic suspended matter. In order to decrease algal cell concentrations in the effluent, a rock filter is planned to follow the stabilization ponds (Middlebrooks, 1995; Saidam et al., 1995) . It is 2 metres deep and has two large piles of stones, approximately 10-12 cm in diameter. The stones are aimed to produce natural habitat for biological populations (zooglea) which includes also algae grazers (herbivores). The algae serve as a food source for the zooglea and the process is expected to decrease the algal concentration up to 90%. The inlet to the filter is under the first pile of stones and the outflow is from a weir after the second pile of stones. An aeration device was constructed underneath the stones in case of oxygen shortage at this stage and when increased efficiency will be needed.
Storage reservoirs
When the reclaimed wastewater is intended for reuse, the main and most common possibility is to use the effluent for irrigation. However, using the effluent for irrigation will almost always require the addition of a storage stage. The reason for this is the difference between the farmers' need for water for irrigation at a certain season and the flow of effluent from the wastewater treatment plant which is more or less uniform throughout the year (Juanico and Shelef, 1994) . The reservoirs, ranging in depth between 8 and 12 metres, also provide extra treatment and are regarded as "stabilization reservoirs".
In Israel, on a yearly average basis, three to four months during every year require irrigation (Juanico and Shelef, 1991) . Therefore, a storage capacity of at least eight months is needed when all effluents are to be used for irrigation. Storing the effluents for relatively long periods improves their quality to a great extent, mainly in reducing pathogenic bacteria and dissolved organic carbon.
The reclamation system has three reservoirs, operating a cycle of "fill, rest and use". The reason for having such a reservoir system instead of one large reservoir is the fact that at the end of the irrigation season, when the reservoir is almost empty, the farmers use almost fresh effluents that have very little retention time in the reservoir itself. The quality of such effluents is therefore lower as compared to the effluents at the beginning of the irrigation season, which sustained a long retention period in the reservoir.
By dividing the storage capacity into three, it is possible to increase the retention time of the effluents at the end of the irrigation season by introducing the effluents and irrigating with the third reservoir. It also reduces the possibility of hydraulic "short circuiting" of the effluent in the reservoir.
Seasonal reservoir
The seasonal reservoir is part of the agricultural irrigation system. It stores the reclaimed effluents in the winter time until the irrigation season starts. It is smaller than regular seasonal reservoirs in other parts of Israel as the irrigation season under desert climatic conditions is longer.
